Published as part of *The Journal of Physical Chemistry* virtual special issue "Manuel Yáñez and Otilia Mó Festschrift".

I. Introduction {#sec1}
===============

Hydrogen bonds play a crucial role in biochemical processes^[@ref1]−[@ref3]^ and many applicative fields in supramolecular chemistry.^[@ref4]−[@ref10]^ A thorough understanding of the hydrogen bonding mechanism is therefore essential.

Hydrogen bonds are generally described as electrostatic interactions with partly covalent character.^[@ref11],[@ref12]^ The electrostatic interactions occur between the partially positively charged hydrogen atom HA and the opposing partially negatively charged hydrogen acceptor atom A, where A is an electronegative atom such as N or O. The charge-transfer interactions, which have been shown to be important by experimental and theoretical studies, take place between the σ lone pair orbital on A and the antibonding σ\* orbital on the opposing HA bond ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref11]−[@ref17]^ Other components have been shown to influence the hydrogen bond strength as well, including dispersion interactions^[@ref18]^ and Pauli (steric) repulsion^[@ref19]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

![Schematic overview of (a) donor--acceptor interactions, (b) steric interactions, and (c) resonance assistance by π polarization in hydrogen-bonded systems.](jp-2017-12635h_0001){#fig1}

Another factor that is believed to be important is resonance assistance by the π electrons. This so-called resonance assisted hydrogen bonding (RAHB) model, as first proposed by Gilli et al.,^[@ref22],[@ref23]^ states that "*the interplay between hydrogen bond and (\...) heteroconjugated systems can strengthen remarkably the hydrogen bond itself.*" In other words, the model suggests that there is a synergistic reinforcement between hydrogen bonding and π delocalization.

However, the nature of the π assistance has been the subject of an ongoing debate.^[@ref20]−[@ref29]^ One interpretation of RAHB is that the delocalization of the π system assists the hydrogen bond by making the proton acceptor more negative and the proton donor more positive, which results in a stronger electrostatic interaction, and thus a shortening of the hydrogen bond distance, and thus an overall increase in hydrogen bond strength.^[@ref22],[@ref23],[@ref24]−[@ref26]^ For malonaldehyde (MA), which is the simplest representative of RAHB and subject of our study, this form of resonance assistance is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c.

Another interpretation of RAHB is that there is a synergistic interplay between the donor--acceptor interactions in the σ and polarization in the π electron system. In this exposition, π resonance assists the hydrogen bond by pushing the proton acceptor's lone pair orbital σ~LP~ up in energy, which results in a smaller HOMO--LUMO gap and thus a stronger σ charge-transfer interaction.^[@ref22]^ For intermolecular hydrogen bonds in Watson--Crick base pairs, this so-called cooperative reinforcement has been shown to be very small, even though the buildup of charge in the σ electron system is indeed counteracted and compensated by polarization in the π electron system.^[@ref14],[@ref27]^

In this study, we have investigated the σ and π charge redistributions associated with the formation of intramolecular hydrogen bonds and addressed the question whether there is a resonance assistance phenomenon in the sense of a synergistic interplay between the σ and π electron systems. We have studied two systems, namely, MA and 3-hydroxypropanal (3-OH), which is the saturated analogue of MA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). On the basis of the downfield ^1^H NMR chemical shift, decrease of OH vibrational frequency, and geometrical characteristics, the intramolecular hydrogen bond in MA is generally considered to be stronger than its saturated counterpart.^[@ref22],[@ref25],[@ref28],[@ref29]^ Our computations are in line with these findings, because the optimized MA has longer O--H and shorter O···H and O,O bonds than 3-OH ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![Hydrogen bond (O, O) distances in red, OH distances in green, and O···H distances in blue \[Å\] for malonaldehyde (MA) and 3-hydroxypropanal (3-OH) in *ZZ* and *EE* conformation at the BP86/TZ2P level of theory. The *EE* conformations are obtained by rotating the *ZZ* conformations 180° around the C~1~--C~2~ and C~2~--C~3~ bond axes.](jp-2017-12635h_0002){#fig2}

Here, we demonstrate that the enhanced hydrogen bond strength in MA is indeed partly caused by π resonance assistance, which makes the hydrogen bond shorter and provides an additional stabilizing component to the total bonding energy. This is in line with the recent work by Jiang and co-workers.^[@ref25],[@ref26]^ The intramolecular hydrogen bond in MA is further enhanced by σ orbital interactions. There is, however, no resonance assistance in the sense of a synergistic interplay between the σ and π electronic systems; the σ and π interactions enhance the intramolecular hydrogen bond in MA independently from each other.

II. Computational Methods {#sec2}
=========================

IIa. Computational Settings {#sec2-1}
---------------------------

All calculations were performed with the density functional theory (DFT) based program Amsterdam density functional (ADF) 2016.101.^[@ref30]^ We used the BP86 generalized gradient approximation (GGA) density functional, which is composed of the Becke^[@ref31]^ (B) exchange and Perdew^[@ref32]^ (P86) correlation functional. The BP86 functional is in good agreement with the best available ab initio results for hydrogen bond lengths and energies of DNA base pairs.^[@ref33]−[@ref35]^

The Kohn--Sham molecular orbitals (KS MOs) were constructed from a linear combination of Slater-type orbitals (STOs), which have the correct cusp behavior and long-range decay. We used the TZ2P basis set, which is of triple-ζ quality for all atoms and has been augmented with two sets of polarization functions, i.e., 2p and 3d on H and 3d and 4f on C and O.^[@ref36]^ To speed up the computation, we treated the 1s core--shells of C and N by the frozen-core approximation.^[@ref37]^

Geometries were optimized in gas phase in delocalized coordinates. The convergence criterion was 1 × 10^--5^ for the nuclear gradient in hartrees/ångströms. We optimized the systems in *C~s~* symmetry, because the *C~s~* symmetry allows us to decompose the orbital interaction into a σ and π contribution (*vide infra*). For 3-OH, the *C~s~* symmetry is not a global minimum structure; the energetic penalty for enforcing a planar geometry is 5.7 kcal mol^--1^. However, as we are only interested in the nature of the intramolecular hydrogen bond and how it compares with its unsaturated analogue MA, we enforced a planar structure with *C~s~* symmetry for all structures in this work. The molecular figures were illustrated using CYLview.^[@ref38]^ Full computational details are available in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12635/suppl_file/jp7b12635_si_001.pdf).

IIb. Energy Decomposition Analysis (EDA) {#sec2-2}
----------------------------------------

To study the origin of the stronger hydrogen bond in MA, we examined the bond energy of each system in the framework of Kohn--Sham molecular orbital theory using the quantitative energy decomposition analysis (EDA) scheme.^[@ref39]^ In this fragment-based approach, the interaction energy Δ*E*~int~ is decomposed into three physically meaningful and chemically intuitive terms, namely, the electrostatic interaction Δ*V*~elstat~, Pauli repulsion Δ*E*~Pauli~, and orbital interactions Δ*E*~oi~:

The term Δ*V*~elstat~ corresponds to the classical electrostatic interactions between the fragments' unperturbed charge distributions and is usually attractive. The Pauli repulsion Δ*E*~Pauli~ comprises the destabilizing interactions between overlapping, occupied orbitals, and is responsible for any steric repulsion. The orbital interaction Δ*E*~oi~ accounts for charge transfer (i.e., donor--acceptor interactions between occupied orbitals on one fragment and unoccupied orbitals on the other fragment) and polarization (empty-occupied orbital mixing on one fragment due to the presence of the other fragment). A theoretical overview of this energy decomposition is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12635/suppl_file/jp7b12635_si_001.pdf) and in ref ([@ref39]).

The orbital interaction energy can be further decomposed into the contributions from each irreducible representation Γ of the point group of the corresponding system. For planar systems with *C~s~* symmetry, this effectively means that we can decompose Δ*E*~oi~ into a σ and π contribution:

Because the hydrogen bond is intramolecular, it is not possible to define the fragments such that they interact through the hydrogen bond only. Instead, the fragments are obtained by breaking the C~2~--C~3~ bond ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} for atomic numbering), resulting in two radical fragments ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In this approach, the recombination of the fragments involves not only the formation of the hydrogen bond but also the C~2~--C~3~ bond.

![Radical fragments are obtained by breaking the C~2~--C~3~ bond in MA and 3-OH (green lines), resulting in ketone fragments (red) and enol fragments (blue).](jp-2017-12635h_0003){#fig3}

IIc. Removing π Virtual Orbitals {#sec2-3}
--------------------------------

Cooperative effects between the σ and π electron systems were studied by switching off (i.e., deleting) the virtual π orbitals. This approach inhibits any delocalization of charge in the π electron system and thus removes the possibility of resonance assistance by π polarization. The synergistic interplay Δ*E*~syn~ between σ and π is then defined aswhere Δ*E*~σ~(σ,π;σ,π) is the σ orbital interaction energy when all virtual orbitals are present, and Δ*E*~σ~(σ,--;σ,−) is the σ orbital interaction energy when all π virtual orbitals are removed. A negative Δ*E*~syn~ corresponds to a stabilizing cooperative effect, and thus to resonance assistance in the sense of interplay between the σ and π electron systems.

At this point, it is useful to note that the computation of the individual energy terms in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} occurs stepwise, where first the electrostatic interaction Δ*V*~elstat~, then the Pauli repulsion Δ*E*~Pauli~ and last, the orbital interactions Δ*E*~oi~ are computed (see also [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12635/suppl_file/jp7b12635_si_001.pdf)). This means that Δ*V*~elstat~ and Δ*E*~Pauli~ remain by definition unchanged upon removal of the π virtual orbitals. Therefore, we have only studied the effect of resonance assistance by π polarization on the σ charge-transfer interactions, i.e., the synergistic interplay between σ and π.

IId. Voronoi Deformation Density (VDD) Charges {#sec2-4}
----------------------------------------------

The atomic charge distribution was analyzed by using the Voronoi deformation density (VDD) method.^[@ref40]^ The VDD method partitions the space into so-called Voronoi cells, which are nonoverlapping regions of space that are closer to nucleus A than to any other nucleus.^[@ref41]^ The charge distribution is determined by taking a fictitious promolecule as reference point, in which the electron density is simply the superposition of the atomic densities. The change in density in the Voronoi cell when going from this promolecule to the final molecular density of the interacting system is associated with the VDD atomic charge *Q*. Thus, the VDD atomic charge *Q*~A~^VDD^ of atom A is given by

So, instead of computing the amount of charge contained in an atomic volume, we compute the flow of charge from one atom to the other upon formation of the molecule. The physical interpretation is therefore straightforward. A positive atomic charge *Q*~A~ corresponds to the loss of electrons, whereas a negative atomic charge *Q*~A~ is associated with the gain of electrons in the Voronoi cell of atom A.

The VDD scheme can be extended to the analysis of bonding between molecular fragments by computing the change in electron density that is associated with the formation of the bond. In this approach, we take the sum of the prepared fragments are initial density ρ~i~:which offers a direct insight into the redistribution of electronic density caused by the bond formation between the fragments. As a further analysis tool, the Δ*Q*~A~^VDD^ of atom A can be decomposed into contributions of different irreducible representations Γ of the point group of the complex. For planar molecules, this affords a distinction to be made between σ and π components.

III. Results and Discussion {#sec3}
===========================

IIIa. Charge Redistribution {#sec3-1}
---------------------------

We have analyzed the redistribution of the σ and π electron density in MA and its saturated analogue 3-OH by using the VDD method ([section IId](#sec2-4){ref-type="other"}). The VDD charges, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, represent the change in density upon formation of the fully interacting system from the radical fragments as defined in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} (see also [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}). Because our fragment-based approach measures not only the hydrogen bond but also the formation of the C~2~--C~3~ bond, we also analyzed MA and 3-OH in open (*EE*) conformation by rotating the closed (*ZZ*) conformers 180° around the C~1~--C~2~ and C~2~--C~3~ bonds. This approach cancels out the intramolecular hydrogen bond and thus allows us to study the effect of the intramolecular hydrogen bond on the flow of density in the σ and π electron systems.

![Voronoi deformation density (VDD) atomic charges Δ*Q* \[milli-au\] associated with the formation of the molecules from their radical fragments at the BP86/TZ2P level of theory. (a) MA and 3-OH in closed (*ZZ*) and open (*EE*) conformation with optimum hydrogen bond lengths. The *EE* conformations are obtained by rotating the *ZZ* conformations 180° around the C~1~--C~2~ and C~2~--C~3~ bond axes. (b) MA and 3-OH frozen in MA distance (left) and 3-OH distance (right). Only the hydrogen atoms at C~1~ and C~2~ have been reoptimized for the frozen geometries.](jp-2017-12635h_0004){#fig4}

For MA, there is a larger σ charge flow Δ*Q*~σ~ to the carbonyl's oxygen atom =O in open (196 milli-au) than in closed (101 milli-au) conformation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). This is in line with the σ charge-transfer interaction as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, in which the lone pair orbital donates charge to the opposing empty σ\* orbital on OH. For 3-OH, the σ charge flow Δ*Q*~σ~ to the carbonyl's oxygen atom is also larger in open (183 milli-au) than in closed (154 milli-au) conformation, but the difference is smaller than observed for MA. This means that the net transfer of charge is larger in the intramolecular hydrogen bond in MA than in 3-OH.

Next, we analyze the transfer of charge in the π electron system, Δ*Q*~π~. As can be seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the carbonyl's oxygen atom in *ZZ*-MA becomes more negatively charged (−53 milli-au), while the enol's oxygen atom becomes more positively charged (115 milli-au). This π charge rearrangement is in agreement with the Lewis structure as proposed in the RAHB model ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c).

Interestingly, this typical rearrangement of π charge disappears when intramolecular hydrogen bonding is inhibited; the carbonyl's oxygen atom in *EE*-MA becomes now positively, instead of negatively charged. The same effect is observed in the saturated systems 3-OH, i.e., both oxygen atoms in *ZZ*-3-OH and *EE*-3-OH become partially positively charged. The charge rearrangement in the π electron system in *EE*-MA and both 3-OH conformations is thus such that it counteracts the buildup of charge in the σ electron system. This has been observed before in intermolecular hydrogen-bonded systems.^[@ref27],[@ref40]^

Because MA has shorter hydrogen bond lengths than 3-OH ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), we investigated whether the trends in charge redistributions remain the same when both systems share the same bond lengths. This was done by freezing *ZZ*-MA and *ZZ*-3-OH in each other's equilibrium geometry, in which we only reoptimized the hydrogen atoms on C~2~ and C~3~. As can be seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the charge rearrangements are more pronounced when MA and 3-OH are frozen in the MA geometry, i.e., the geometry with shorter hydrogen bond lengths. This is caused by the distance dependence of the orbital overlap, which increases when the bond length is decreased. However, the trends as observed at equilibrium bond lengths remain unchanged.

The σ charge flow Δ*Q*~σ~ to the carbonyl's oxygen atom =O is again larger in 3-OH than in MA when both systems share the same bond lengths. So, the net transfer of charge is effectively larger in the intramolecular H-bond of MA than in its saturated analogue. To understand the origin of the stronger charge-transfer interaction in MA, we studied the energies of and overlap between the lone pair orbital σ~LP~ on the carbonyl (HOMO) and antibonding orbital σ~OH~^\*^ (LUMO) on the opposing OH group.

As can be seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, the LUMO of MA is 0.3 eV lower in energy than the LUMO of 3-OH, which results in a smaller HOMO--LUMO gap. In addition, the LUMO on MA is more diffuse than the LUMO on 3-OH, which allows for a better overlap with the opposing lone pair orbital. This becomes evident in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, which depicts the contour plots of the overlapping orbitals when both systems are frozen in MA geometry (the contour plots of MA and 3-OH frozen in 3-OH geometry are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12635/suppl_file/jp7b12635_si_001.pdf)). Both factors, i.e., the smaller HOMO--LUMO gap and better orbital overlap, contribute to a more favorable charge-transfer interaction in MA.

![Characteristics of the carbonyl's lone pair orbital σ~LP~ (HOMO) and opposing OH antibonding orbital σ~OH~^\*^ (LUMO) of MA (up) and 3-OH (down) frozen in MA geometry at the BP86/TZ2P level of theory. (a) Isosurfaces \[at 0.04 au\] and energies in italic \[eV\] of HOMO and LUMO orbitals of the prepared fragments. (b) Contour plots \[20 contours from 0.09 to 1.0 au\] of the overlapping HOMO and LUMO orbitals.](jp-2017-12635h_0005){#fig5}

The charge transfer in the π electron system Δ*Q*~π~ is again in agreement with the RAHB model. For MA, the π resonance makes the carbonyl's oxygen atom more negative, and the enol's oxygen more positive. However, both oxygen atoms in the saturated 3-OH become more positive. The difference in π charge flow between MA and 3-OH is smaller when both systems share identical bond lengths but is still pronounced.

On the basis of these findings, we can conclude that there is indeed resonance assistance by the π electron system in MA by making the hydrogen bond donor atom more positive, and hydrogen bond acceptor atom more negative. In the next section, we investigate whether this π resonance enforces the hydrogen bond by enhancing the σ orbital interactions. In other words, we address the question whether there is resonance assistance in the sense of a synergistic interplay between the σ and π electron systems.

IIIb. Synergistic Interplay between σ and π Electron Systems {#sec3-2}
------------------------------------------------------------

To address the question whether there is a resonance assistance phenomenon in the sense of a synergistic interplay between the σ and π electron systems, we employed the energy decomposition analysis on the optimized structures in both closed (*ZZ*) and open (*EE*) conformation. Recall that the *EE* conformations are obtained by rotating the *ZZ* conformers 180° around the C~1~--C~2~ and C~2~--C~3~ bonds. Because this approach cancels out the intramolecular hydrogen bond, the hydrogen bond energy can be estimated by computing the energy difference between the *ZZ* and *EE* conformers. We have also used a second approach, in which the intramolecular hydrogen bond is canceled out by substituting the OH group by a H atom. This approach leads to the same trends as our comparison between *ZZ* and *EE*; the data set is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12635/suppl_file/jp7b12635_si_001.pdf).

As can be seen in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the estimated intramolecular hydrogen bond energy (*ZZ* minus *EE*, *vide supra*) is −12.2 kcal mol^--1^ for MA and −3.9 kcal mol^--1^ for 3-OH. So, the hydrogen bond energy is stronger for the unsaturated system, which is in line with the RAHB model and stronger σ charge-transfer interaction ([section IIIa](#sec3-1){ref-type="other"}).

###### Bond energy Decomposition Analysis \[kcal mol^--1^\] for MA and 3-OH in *ZZ* (Closed) and *EE* (Open) Conformation with All Virtual Orbitals Present \[(σ, π)\] and with All π Virtual Orbitals Removed \[(σ, −)\] at the BP86/TZ2P Level of Theory

                 *ZZ*-MA (closed)   *ZZ*-3-OH (closed)   *EE*-MA (open)   *EE*-3-OH (open)                                 
  -------------- ------------------ -------------------- ---------------- ------------------ --------- --------- --------- ---------
  Δ*E*~int~      --128.9            --93.3               --97.1           --83.8             --116.7   --88.8    --93.2    --81.2
  Δ*V*~elstat~   --217.6            --217.6              --179.2          --179.2            --197.4   --197.4   --170.1   --170.1
  Δ*E*~Pauli~    388.3              388.3                318.3            318.3              345.1     345.1     304.1     304.1
  Δ*E*~σ~        --262.3            --264.0              --221.9          --222.8            --233.7   --236.5   --214.3   --215.1
  Δ*E*~π~        --37.3                                  --14.3                              --30.8              --12.9     

To determine whether this stronger Δ*E*~int~ is caused by a cooperative reinforcement between the σ and π electron systems, we switched off all π virtual orbitals. Interestingly, the σ orbital interactions are not weakened when resonance assistance by the π electron system is inhibited ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In fact, Δ*E*~σ~ becomes more stable by 1.7, 0.9, 2.8, and 0.8 kcal mol^--1^ for *ZZ*-MA, *ZZ*-3-OH, *EE*-MA, and *EE*-3-OH, respectively. This means that the σ orbital interactions do not gain additional stabilization from the π polarization.

Comparing MA in closed (*ZZ*) and open (*EE*) conformation, we see that its increase in orbital interaction upon removal of the π virtual orbitals is 1.1 kcal mol^--1^ weaker in *ZZ* than in *EE* conformation. In comparison with the absolute σ orbital interaction energies and differences in interaction strengths, this number is negligibly small. So, the σ orbital interactions in the hydrogen bond are not reinforced by polarization in the π electron system, and in this sense, there is thus no synergistic resonance assistance.

Because MA has shorter hydrogen bond distances than 3-OH ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), and the energy terms are distance dependent, we redid the bonding analyses on MA and 3-OH while frozen in each other's equilibrium geometry. In this approach, we only reoptimized the hydrogen atoms on C~2~ and C~3~ (see also [section IIIa](#sec3-1){ref-type="other"}), which allows us to compare MA and 3-OH with identical bond lengths. The full data set is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12635/suppl_file/jp7b12635_si_001.pdf); the most important results are given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Hydrogen bond energies for MA (purple) and 3-OH (red) with π polarization allowed (solid fill) and disabled (pattern fill) with the systems frozen in MA geometry (left) and 3-OH geometry (right) at the BP86/TZ2P level of theory. Hydrogen bond energies are estimated by taking the difference between the *ZZ* and *EE* conformations.](jp-2017-12635h_0006){#fig6}

###### Bond Energy Decomposition Analysis \[kcal mol^--1^\] for MA and 3-OH in *ZZ* (Closed) and *EE* (Open) Conformation Frozen in MA Geometry and 3-OH Geometry with All Virtual Orbital Present \[(σ, π)\] and with All π Virtual Orbitals Removed \[(σ, −)\] at the BP86/TZ2P Level of Theory

                                *ZZ*-MA (closed)   *ZZ*-3-OH (closed)   *EE*-MA (open)   *EE*-3-OH (open)                                 
  ----------------------------- ------------------ -------------------- ---------------- ------------------ --------- --------- --------- ---------
  MA Distance (Short H-Bond)                                                                                                              
  Δ*E*~int~                     --128.9            --93.3               --95.5           --75.7             --116.7   --88.8    --93.4    --77.7
  Δ*E*~σ~                       --262.3            --264.0              --267.6          --269.3            --233.7   --236.5   --241.6   --243.5
  Δ*E*~π~                       --37.3                                  --21.6                              --30.8              --17.6     
  3-OH Distance (Long H-Bond)                                                                                                             
  Δ*E*~int~                     --123.0            --96.7               --97.1           --83.8             --115.0   --92.0    --93.2    --81.2
  Δ*E*~σ~                       --217.2            --218.6              --221.9          --222.8            --209.3   --210.7   --214.3   --215.1
  Δ*E*~π~                       --27.6                                  --14.3                              --24.5              --12.9     

As can be seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the estimated hydrogen bond interaction energies (*ZZ* minus *EE*, *vide supra*) are −12.2 and −2.1 kcal mol^--1^ for MA and 3-OH in MA geometry, and −8.0 and −3.9 kcal mol^--1^ for MA and 3-OH in 3-OH geometry. So, the hydrogen bond in MA is ca. 10 kcal mol^--1^ (MA geometry) and 4 kcal mol^--1^ (3-OH geometry) stronger than in its saturated counterpart when both systems share the same hydrogen bond lengths. The enhanced interaction strength of MA is for an important part caused by the polarization in the π electron system Δ*E*~π~, which is significantly stronger for MA than for 3-OH.

However, when the π virtual orbitals are switched off, the hydrogen bond strength is still stronger for MA than for 3-OH by ca. 7 (MA geometry) and 2 (3-OH geometry) kcal mol^--1^. This means that there are also other factors that enhance the intramolecular hydrogen bond strength of MA. One of these factors is the σ orbital interaction Δ*E*~σ~, which is stronger in MA due to a lower energy gap and better overlap between the HOMO and LUMO ([section IIIa](#sec3-1){ref-type="other"}). Because Δ*E*~σ~ remains stronger for MA when the π virtual orbitals are switched off ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), we conclude again that there is no synergetic interplay between the σ and π electron systems. The remaining part of the enhanced interaction energy Δ*E*~int~ must come from the electrostatic interaction Δ*V*~elstat~ and/or Pauli repulsion Δ*E*~Pauli~. These terms are influenced by differences in geometry, including the additional hydrogen atoms in the saturated 3-OH.

Nevertheless, we emphasize that, next to the σ skeleton,^[@ref28],[@ref29],[@ref42]−[@ref46]^ the resonance in the π electron system does play a significant role in the enhanced stability of MA. This becomes even more evident when MAs in equilibrium geometry (short bond lengths) and frozen geometry (long bond lengths) are compared. The equilibrium position is favored by 5.9 kcal mol^--1^ when polarization in the π electron system is allowed. However, when π polarization is inhibited by switching off the π virtual orbitals, the 3-OH geometry becomes more favorable by 3.4 kcal mol^--1^. This shows that π resonance does reduce the bonding distance and thus plays an important role in the enhanced interaction strength of the unsaturated system MA. These findings are in line with Jiang and co-workers.^[@ref25],[@ref26]^

IV. Summary and Conclusions {#sec4}
===========================

We have investigated the nature of π resonance assistance in the intramolecular hydrogen bond in MA and its saturated analogue 3-OH. Our quantum chemical computations at the BP86/TZ2P level of theory show that the π charge flow is in line with the Lewis structure as proposed by the RAHB model; i.e., the proton donor OH becomes more positively charged, and the proton acceptor =O becomes more negatively charged. This typical rearrangement of charge is only present in the unsaturated system, and not in its saturated analogue.

Resonance in the π electron system assists the intramolecular hydrogen bond by reducing the hydrogen bond distance and by providing an additional stabilizing component to the net bonding energy. However, there are also other factors that play a role in the enhanced hydrogen bond strength for MA. One of these factors is the σ orbital interaction, which is stronger for MA than for 3-OH due to (1) a smaller HOMO--LUMO gap and (2) a better overlap due to the more diffuse nature of the LUMO of MA.

When π polarization is inhibited by removing all π virtual orbitals, no significant changes are observed in the σ orbital interactions. We therefore conclude that there is no synergistic interplay between the charge transfer in the σ, and polarization in the π electron system. Instead, the π polarization and σ charge-transfer interactions enhance the intramolecular hydrogen bond in MA independently from each other.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpca.7b12635](http://pubs.acs.org/doi/abs/10.1021/acs.jpca.7b12635).Full computational details, theoretical overview EDA scheme, contour plots of MA and 3-OH frozen in 3-OH geometry, data set MA~minusOH~ and 3-OH~minusOH~, data set MA and 3-OH while frozen in each other's equilibrium, and Cartesian coordinates of all systems used in this work ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12635/suppl_file/jp7b12635_si_001.pdf))
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